Abstract. The project A.2 of the SFB/TR16 "Subnuclear Structure of Matter" aimed at a combined multichannel partial wave analysis of all or of most data on pion and photo-induced reactions for invariant masses from the Δ(1232) region to 2300 MeV. In this review the most important results are presented. It is shown that the data and their partial wave analysis have improved our understanding of the dynamics of excited light-quark baryons significantly.
Introduction
"Why baryons?" asked Nathan Isgur [1] at NSTAR2000, and gave three answers: Because nucleons are the stuff of which our world is made, because they are the simplest system in which the non-abelian character of QCD is manifest, and because their complexity -compared to mesons -may reveal physics hidden from us in mesons. And he predicted that baryon spectroscopy will be one of the most interesting and fruitful areas for at least thirty years. Recent reviews of baryon spectroscopy by Klempt and Richard [2] and Crede and Roberts [3] underline the interest in the field.
Isgur's high expectations were based on severe discrepancies between the experimental findings and the spectrum of nucleon excitations predicted in quark models (e.g. [4] [5] [6] [7] [8] [9] ) or in recent calculations within lattice QCD [10] (even though these calculations still use quark masses corresponding to a large pion mass, m π =396 MeV).
In 2000, the knowledge of the excitation spectrum of the nucleon stemmed essentially from data on πN elastic scattering [11] [12] [13] . In quark models, the predicted spectrum is organized in excitation shells, and a shell structure is clearly seen in the experimental spectrum. However, the resonance spectrum which emerged exhibited two severe problems:
A) The number of states expected for a system with three constituent quarks exceeded by far the number of observed states.
Arndt and his collaborators [15] found only 8 N * and 10 Δ * -states. This latter analysis included high precision data from the meson factories at LAMPF, PSI, and TRIUMF. A strong argument in favor of the Arndt et al. analysis was the correct prediction of spin rotation parameters [16] [17] [18] and of the backward asymmetry [19] in the elastic pionproton scattering from ITEP/PNPI; the predictions from [11, 12] show clear discrepancies with the data.
Clearly, not all 101 resonances expected below 2500 MeV need to be found to reach a good unterstanding of the spectrum. In the first excitation shell 5 negativeparity N * 's and 2 Δ * 's are predicted and experimentally established. In the second shell, 14 positive-parity N * 's and 8 Δ * 's are predicted; their calculated masses fall below 2100 MeV. Based on [11, 12] (or [15] ), only 8 (or 4) positive-parity N * 's and 6 (or 5) Δ * 's are actually observed. Only 4 (instead of 14) positive-parity N * 's are safe: this small number casts into doubt if models based on constituent quarks with some residual interactions are the right degrees of freedom to describe the nucleon excitation spectrum.
The problem of missing baryon resonances is aggravated by the prediction of additional states, hybrid baryons, in which the gluonic string mediating the interaction between the quarks is itself excited. Hybrid baryons carry the same quantum numbers asbaryons,and hybrid configurations can mix and are thus difficult to establish. In a quark model [20] , the baryon hybrid spectrum (with no mixing withbaryons) is calculated to intrude the spectrum of baryon resonances at 2 GeV and above. In lattice calculations [21] , most baryons with a dominant hybrid content show up above 2500 MeV, except for J P = 1/2 + where N(1440)1/2 + and N(1710)1/2 + are predicted to acquire a significant hybrid component.
A well-known solution of the problem of the missing resonances is the conjecture that baryon excitations could be driven by the dynamics of a quark and a (quasi-stable) diquark. There is a long discussion on the nature and rel-evance of the diquark concept (see e.g. [22] [23] [24] [25] ). This hypothesis decreases the number of expected resonances very significantly and helps to solve the problem of the missing baryon resonances. Santopinto, e.g., calculated the N * and Δ * excitation spectrum [26] with the assumption that the baryon is made up from a point-like diquark and a quark. The results match data perfectly, provided N * -and Δ * -resonances are omitted that had an one-or twostar ranking only in PDG2004 [27] .
Alternatively, the missing resonances may have escaped detection due to their small coupling to the πN channel [28] . The question arizes: are there baryon resonances with small πN couplings which can be produced by electromagnetic excitation and which decay into other final states?
A further point of concern is the observation that B) the pattern of observed states is neither compatible with quark model calculations nor with present lattice calculations.
In particular the low mass of the Roper resonance N(1440)1/2 + has led to vivid discussions in the literature. Inconsistencies in different data sets led Morsch and Zupranski [29] to conjecture that the 1400 MeV region might even house two resonances, a hypothesis which we ruled out in [30] . Most papers on the Roper resonance address the question if it is a "normal"resonance, a low-mass hybrid baryon [31, 32] , or if it is dynamically generated from meson-baryon interactions [33] . If the Roper resonance would be exotic, N(1710)1/2 + would be the true first radial excitation of the nucleon. However, electroexcitation of the Roper resonance provides strong evidence for this state as a predominantly radial excitation of a 3-quark ground state [34] . Note, that any exotic interpretation of the Roper resonance should explain the low masses of the corresponding states in the Λ, Σ, and Ξ spectra. Likewise, the Λ(1405)1/2 − resonance has attracted intense interest since Dalitz proposed it to be generated dynamically [35] . This topic is treated in project B.3.
The generation of baryon resonances from the interaction of mesons and baryons is a highly attractive approach to understand the dynamics of baryon resonances. At present, however, the number of expected resonances is unknown, and the relation between quark model states and dynamically generated resonances is not understood. It is hence important to measure the decay modes of all major decay modes.
At higher energies, the masses of Δ(1900)1/2 − , Δ(1940)3/2 − , Δ(1930)5/2 − are incompatible with quark model predictions (e.g. [6] ). They belong to the third excitation shell, and their masses should fall into the 2100 -2300 MeV range. Instead, they are approximately mass degenerate with the positive-parity Δ(1910)1/2 + , Δ(1920)3/2 + , Δ(1905)5/2 + , Δ(1950)5/2 + . Such parity doublets occur frequently in hadron spectra [36] ; Fig. 1 shows parity doublets in the N * spectrum. Parity doublets are observed undoubtedly. Similar observations in the meson [37] and baryon [38] sector have led to the idea that chiral symmetry might be effectively restored in highly excited hadrons. If this would indeed be the case chiral partners were expected to exist for all high-mass states. Independently of the idea of chiral symmetry restoration, the question whether or not parity partners exist for all highmass states is an interesting question to be answered experimentally.
Photoproduction of baryon resonances is hence studied to find answers to the following questions: 2 The Bonn-Gatchina PWA, data base and method
As composite systems, nucleons exhibit a rich spectrum of radial and orbital excitations. The excitation levels of the nucleon are extremely short-lived and decay in a variety of different decay modes. Many states are predicted which overlap and are very difficult to resolve. Hence the aim to identify all N * and Δ * resonances contributing to photoproduction and to measure all important decay modes requires a simultaneous fit to a large body of data in a multi-channel partial wave analysis. The following data were included in the analysis:
1. Data on the photoproduction off protons and off neutrons obtained at ELSA and at other laboratories. This includes data on single as well as on double meson photoproduction. The latter data are fitted in terms of an event-based maximum likelihood fit to take all the correlations between the variables the event depends on properly into account.
2. Real and imaginary part of the partial wave amplitudes for πN elastic scattering either from Höhler's group or from Arndt's group.
Pion-induced inelastic reactions.
The latter data (2) and (3) ensure consistency with the πN-scattering data and allow the extraction of the πN coupling strength of baryon resonances. Fits to photoproduction data alone would provide only access to the product of the photon helicity amplitudes A 1/2 , A 3/2 and the square root of the decay branching ratio into the specific final state, A 1/2 or 3/2 · BR f inal i with BR f inal i = Γ f inal i /Γ tot (with Γ f inal i being the partial decay width into the final state i and Γ tot the total width of the resonance).
The following reactions are presently included in the BnGa-PWA. (Most data can be found via the web page of the GWU PWA group [39] ):
This data base has been extended continuously over the last 12 years. In particular the new polarization data were included in the fits whenever they became available. Very recently also (so far unpublished) data on photoproduction of two charged pions (CLAS) were added. A multi-channel analysis of a large body of data has a large advantage; in contrast to an analysis of πN → πN elastic scattering alone, the simultaneously fitted photoproduction data provide access to resonances which might have escaped detection in πN scattering due to their insufficient πN-coupling. At the same time the photoproduction data constrain the elastic amplitudes by fixing the structure of the otherwise unknown inelasticities. Polarization observables measured in photoproduction reactions provide sensitive information on the interferences of different partial waves. This helps to extract even small resonance contributions from the data. Simultaneous fits to different single and double polarization observables exploit different interference effects and are hence very sensitive to small amplitudes.
The fit method has been documented in a series of papers [40] [41] [42] [43] . Here we just mention that the amplitudes for pion-and photo-induced reactions are represented by a sum of K-matrix partial wave amplitudes and by background amplitudes describing u-and t-channel exchanges. The corresponding exchange amplitudes are written in the form of the exchange of Regge trajectories. The K-matrix amplitudes contain poles and simple functions of s to model additional background. Methods for the decomposition of the background amplitudes from t-and u-channel exchanges into partial waves have been developed and implemented. These allow the direct comparison of our partial waves (or multipoles) with those of other analyses as discussed, e.g., in section 3.9.
Due to the so far still incomplete data base, different solutions are found which describe the data with similar quality. We always quote errors which cover all solutions or we discuss different classes of solutions in which the number and the properties of some resonances may differ [44] [45] [46] [47] [48] [49] .
It should also be mentioned, that within the BnGaapproach, we do not attempt to provide a microscopical description of the background starting from a Lagrangian like it is done by other groups like Argonne-Osaka [50] , Jülich-Bonn [51] [52] [53] [54] [55] [56] , Dubna-Mainz-Taipeh [57] , EBACJlab [58] , Valencia [59] , or within the Gießen Coupled Channel analysis [60, 61] (see also contribution of project B.7 "Coupled channels approach to photo-meson production on the nucleon" to these proceedings). These models have the advantage that the number of free parameters for the background is minimized while problems might occur if the dynamical model is incomplete and the fit is constrained to it.
A purely phenomenological model as the BnGa-PWA satisfying basic requirements is hence a meaningful tool to access properties of resonances. The method employed here satisfies unitarity and the amplitudes are analytic functions in the complex energy plane. The method has recently been improved by introducing a N/D-based method in our fitting [62] . Studies on baryons indicate that the effects on the amplitudes are mostly small, and that changes in the resonance parameters are covered by the errors we have quoted in our analyses based on the K-matrix formalism.
Results

Can we rule out diquark models?
The Particle Data Group (PDG) summarizes biannually the status of particle physics. Their Review of Particle Physics (RPP) contains a listing of known baryon resonances and their properties. Before the 2007 issue, the information on nucleon and Δ excitations came nearly entirely from the groups led by Höhler [11] , Cutkosky [12] , and Arndt [15] analyzing data on πN elastic and charge exchange scattering, with a few additions from Manley [63] . However, the GWU group reduced continuously the number of observed resonances required in their fits [13, 15, 64] . Before 2006, data on photoproduction added information on the helicity couplings of resonances listed in the RPP, but the resonances were introduced into the respective analyses with fixed masses and widths. Early results of the BnGa group using data on photoproduction from the CB-ELSA experiment [65] [66] [67] [68] were not yet included in the RPP [44, 69] or not yet used to define particle properties [30, 70] The BnGa group was the first one which combined pion and photoproduced reactions in a coupled channel fit, fitted masses and widths freely and searched systematically for new resonances [46] [47] [48] [49] . In this way, the baryon resonances dismissed in the Arndt et al. analysis [15] could be re-established [46] . In [49] , we have reported the observation of 21 N * and of 10 Δ * resonances and determined their masses, width, and a number of decay modes. Six nucleon resonances were new in the sense that they had no own PDG entry before (even though earlier experiments may also have found evidence for their existence). These results entered the RPP2012 [71] . Table 1 lists the resonances found in the BnGa analysis which were new or for which the star rating was increased. When comparing RPP'2000 with RPP'2010, we notice that not a single new baryon resonance entered the RPP during these 10 years. With the new high-quality photoproduction data, including single and double polarization observables, the situation has now changed dramatically.
The evidence for one of the states, N(1900)3/2 + , can be seen in Fig. 2 . The figure shows the CLAS beam-recoil polarization data (C x , C z ) for the reaction γp → K + Λ (selected bins only) [72] in comparison to the best fit obtained without and with N(1900)3/2 + included in the PWA [73] . The improvement due to the N(1900)3/2 + is clearly visible.
The number of observed states is now definitely larger than expected from diquark models and supports symmetric quark models in which three constituent quarks participate in the dynamics of excited states. [75, 76] were included in the PWA using an event-based maximum likelihood fit to properly consider all the correlations the reaction depends on in the given 5-dimensional phase space. The data were taken at ELSA with the CBELSA/TAPS experiment within project A.1. Data from GRAAL [77] and MAMI [78] on γp → π 0 π 0 p were included in the analysis, the MAMI data on γp → π 0 ηp [79] were added to the data base later.
Baryon cascade decays reveal three-quark dynamics
A first example can be seen in Fig. 3 . In the reaction γp → π 0 ηp and for a mass range of 2000 ± 100 MeV masses, Δ * decays into Δ(1232)η are observed as well as N * or Δ * decays into N a 0 (980). Contributions from the isobar N(1535)1/2 − π emerge clearly, in particular in the 2200±100 MeV mass range. A partial wave analysis gives the contributing resonances and their decay frequencies into these isobars [76] . The most significant contribution stems from a Δ(1232)η threshold enhancement and is assigned to Δ(1700)3/2 − production. But also Δ(1940)3/2 Dalitz plots for the reaction γp → pπ 0 π 0 (CBELSA/TAPS) [74] . Shown are examples from two energy bins. the pictures are taken from [74] , which also provides firther details).
this observation, the PDG upgraded the Δ(1940)3/2 − resonance from one star to two stars. baryon resonances were determined, many of them were obtained for the first time. They will be listed in the 2016 edition of the RPP. Fig. 5 shows invariant masses in comparison to the BnGa fit.
In the 1900 MeV region, for 1300 < E γ < 1650 MeV, the cascade N * → N(1520)π 0 → pπ 0 π 0 is dominated by the J P = 3/2 + partial wave. This can be seen by plotting the variables I s , I c defined by
I s , I c carry information on the spin density matrix of the N(1520)3/2 − isobar. The variables can be plotted as functions of φ * [74, 80] and are shown repeatedly in Fig. 6 . Superimposed are two-parameter fits assuming different partial waves in the initial state. The coupling strength and the fractional contribution of the higher partial-wave contribution are varied in the fits. Only one fit gives a reasonable fit to the data; it assumes J P = 3/2 + in the initial state. This is an important result. It is shown that in this cascade, one partial wave is dominant. The result is fully model independent and has been achieved without any partial wave analysis just calculating the respective angular [81] : the data were re-fitted using two assumptions:
1. Decays of the four Δ * 's into N(1440)π, N(1520)π, N(1535)π, and N(1680)π were forbidden. This has little effect on the fit and the χ 2 deteriorated by 692 units. We consider this to be at the border of becoming statistically significant. Of course, these decays are not forbidden but obviously, the branching ratios for these decay modes from the four Δ * 's are small. These phenomena can be understood inspecting their wave functions. If one neglects mixing, the four positiveparity Δ * -resonances and N * -resonances could both be assigned to a spin-quartet with intrinsic orbital and spin angular momenta L = 2 and S = 3/2. The four positiveparity Δ * resonances have a spin and a flavor wave function which is symmetric with respect to the exchange of any pair of quarks. The color wave function is completely antisymmetric, hence the spatial wave function φ n,l must be symmetric as well:
with ρ and λ being the oscillators which can be excited in the 3-quark-system. For the nucleon states a mixed symmetry spatial wave function is required: For L = 2 the wave functions have equal admixtures of
and both parts need to be present to fulfill the Pauli principle. The part M A describes a component in which the ρ and the λ oscillator are both excited simultaneously. We now assume that the M A -part can only de-excite in a twostep process: In the first step one of the intrinsic oscillators is de-excited, and the intermediate state still carries an intrinsic excitation, an intermediate resonance is created. The latter excitation requires a second decay, from the intermediate resonance to the ground state. The large contribution of cascade decays to decays of N * in the fourth resonance region and their smallness in Δ * decays provide evidence that two independent oscillators are excited in high-mass baryon resonances. Fig. 7 . Data on T and F [83] were obtained in Mainz and data on E have been published recently by CLAS [84] . The latter data are consistent with our CBELSA/TAPS-data but were not yet included in our fits.
The predictions for the newly measured observables E and T from the different PWAs are also shown in Fig. 7 . None of the predictions comes close to the data, even though they do describe reasonably well all η-photoproduction data (dσ/dΩ, Σ) which existed before. This clearly shows that η-photoproduction was less constrained by existing data than π-photoproduction. Of course, this was to be expected since πN-elastic scattering does already provide significant information on the πN coupling of resonances, while comparable data are missing for the ηN-final state: data on πN → ηN are scare. [82] . These results clearly show the power of polarization observables to constrain PWAs; an earlier PWA [65, 85] − nucleon-resonance pair which was extensively discussed in literature (see [86] ). In the standard quark model, this has been taken as evidence for a large mixing of SU (6)×O (3) states (see Review on Quark Models in the RPP2014 [87] ). A further intriguing result is the inversion of the relative sign of the electromagnetic couplings of the N(1535)1/2 − and the N(1650)1/2 − state for photoproduction off the proton and the neutron [88] .
These results refer to properties of the resonances derived at the pole position. To calculate branching ratios (or Breit-Wigner parameters) from the multi-channel multi-pole K-matrix parameterization we first calculated the couplings of the resonance to the different channels as residues at the pole position. The Breit-Wigner/Flatte couplings were then introduced to be proportional to these couplings with one common factor f . The factor f as well as the Breit-Wigner mass are then adjusted until they match exactly the pole position obtained from the full amplitude resulting from the K-matrix-fit to the data. Then, the helicity Breit-Wigner/Flatte couplings were determined making again sure that they reproduce the helicity residues of the full amplitude at the pole position. The resulting branching ratios for four of the contributing resonances are given in Table 2 . It is interesting to note that the K-matrix couplings main- 
Negative-parity resonances above 1800 MeV
We continue the discussion of fits to the double polarization data on γp → ηp. The fit did not reproduce well the high-mass range; hence we tried to improve the description by adding one further resonance with spinparity J P = 1/2 ± , · · · , 9/2 ± . The best result was achieved . Mass scan for a resonance with J P = 5/2 − . Shown is the χ 2 -change for E and T of the fit as a function of the imposed mass. In the mass scan, starting from the best fit solution, a BreitWigner amplitude is added with its mass fixed while all other parameters are fitted freely. The curves are included to guide the eye. The figure is taken from [82] .
by introducing a resonance with J P = 5/2 − , M =(2200 ± 50) MeV, Γ = (260 ± 50) MeV. Figure 8 shows the χ 2 -minimum for the two observables E and T if a scan of the 5/2 − -resonance mass is performed. In the scan, the mass of the 5/2 − -resonance was set to prefixed values while all other parameters were fitted freely. Significant minima are observed. However, no convincing evidence was observed in other reactions. Hence one must consider the evidence for this new resonance with some caution. Based on the PWA-solutions with and without the N(2200)5/2 − -resonance, the double polarization observable F has been predicted. Fig. 9 shows the sensitivity of this observable. Measuring F would definitely help to settle the question whether or not a 5/2 − -resonance exists in a mass range around 2200 MeV. Of course also improved statistics on the already measured observables can be expected to lead to an improved sensitivity.
New high-mass negative-parity resonances were reported in [90] . N(1875)3/2 − proved to be particularly sensitive to the reaction γp → Σ + K 0 S [91] [92] [93] studied in project B.1. Also, the data on the beam asymmetry on π 0 and η have to be mentioned [94, 95] . Evidence for the new resonances can be seen in the mass scans shown in Fig. 10 . The masses of high-mass negative-parity resonances as obtained within the BnGa multichannel PWA are collected in Table 3 . 
Assignment to SU(6)xO(3)-multiplets
An assignment of resonances to SU(6)xO(3) multiplets is discussed by Klempt and Metsch in [97] . Figure 11 shows the resonances which have at least 2 stars in the RPP and their assignment to SU(6)xO(3) multiplets. Resonances where the RPP'2014 states "Latest GWU analysis [15] finds no evidence for the resonance" are indicated by blue / light blue crosses. All states marked by blue, red, or magenta boxes have been identified by the BnGa-PWA.
Negative parity resonances
The first excitation shell (1 ω) is (since long) complete. The high-mass negative-parity resonances are collected in Table 4 − in the mass range from 2050 to 2250 MeV. It is tempting to organize these resonances in the same way as those in the first excitation shell, as quartet with an intrinsic quark spin S = 3/2, and a S = 1/2 doublet. In this interpretation, one resonance with J P = 7/2 − is missing. We have added to was also reported in [63, 98] . The evidence for the N(1900)3/2 + has been confirmed by the analyses of other groups, see [63, [98] [99] [100] , and by the Gießen group [60, 101] within project B.7. In [102] , N(1900)3/2 + was tentatively interpreted as a member of a spin quartet, an identification which is challenged by later results (see below). (6) dimensionality, L is the intrinsic orbital angular momentum, P the parity and N the shell number of the harmonic oscillator). The light blue or blue crosses indicate the states where the RPP2014 states "Latest GWU analysis [15] finds no evidence for the resonance". Table 4 . Nucleon and Δ resonances assigned to the third excitation shell. The masses of nucleon resonances are from our work, most Δ resonances from [96] , one from [15] . N(2190)7/2 − could belong to the S = 3/2 quartet or to a S = 1/2 doublet. N(2190)7/2 − may both consist of two unresolved resonances, one belonging to the quartet, the other one to the doublet. were already known since long, even though reported mass values scattered wildly. In the 3/2 + -sector, a much better fit is achieved in the BnGa analysis when a second N 3/2 + resonance is assumed to exist in addition to the N(1900)3/2 + -resonance. Its mass is not well defined, the most likely value is 1960 MeV. Clearly, quark models have ample possibilities to house two N 3/2 + resonance at this mass. Expected is, e.g., a 70-plet which contains a quark-spin quartet and a doublet. These six expected states could be the six resonances seen in the BnGa PWA.
The assignment to a quark-spin quartet or a doublet is possible considering the electric couplings. The photocouplings of baryon resonances are mostly given as helicity amplitudes A 1/2 , A 3/2 , and for excitations off protons, we gave these quantities only [103] . In a fit to data on photoproduction off neutrons, we evaluated also the electric and magnetic multipole amplitudes [104] . In many cases, + . Also the one-star Δ(1750)1/2 + is not shown, the evidence for its existence is poor only.
Summarizing the discussion of the multiplet structure, we can conclude that the number of resonances is well predicted by the quark model based on SU(6)xO(3)-symmetry. Of course significant deficiencies are present if quark model predictions of masses or decay widths are compared to the experimental findings. A few entries are missing in the second excitation shell but the resonances found so far provide a reasonable coverage of the expected spectrum. Empty are, however, the entries for the (20, 1 + ) multiplet. Possible reasons for their absence will be discussed in the Outlook (Section 4).
What is the dynamical reason for the existence of parity doublets?
Quark models use constituent light-quark masses of about 350 MeV to reproduce the masses of ground-state baryons. However, low-energy approximations of QCD [106] lead to the Gell-Mann-Oakes-Renner relation [107] which assigns a mass of a few MeV to light (current) quarks. The mass gap between current and constituent quarks is interpreted by spontaneous breaking of the chiral symmetry expected for nearly massless quarks [108, 109] . With no spontaneous symmetry breaking, the masses of positive and negative-parity hadrons would be degenerate in mass when they have the same total angular momentum: the nucleon and its chiral partner N(1535)1/2 − would have the same mass.
In the higher mass region, parity doublets are observed and often, nucleon and Δ resonances of given spin and parity form a quartet of almost mass-degenerate states. (One particular case is studied in [110, 111] ). This observation has led to the conjecture that chiral symmetry might be restored effectively in highly excited baryons [38] . The mass generation mechanism in excited hadrons is, according to Glozman [112] , very different compared to the mechanism in the lower-mass states. In the latter states, the mass is supposed to be driven by chiral symmetry breaking in the vacuum. For highly excited states, the quark condensate is believed to be almost irrelevant and the mass of resonances within a parity doublet could have a chirally symmetric origin.
This idea is best tested in baryons. In meson spectroscopy, resonances falling onto a leading Regge trajectory (with J = L + S ) have no mass-degenerate parity partner (see Fig. 55 in the review of Klempt and Zaitsev [113] ). However, inpp formation of, e.g., f 4 (2050), L = 3 is required; formation of its (unobserved or non-existing) mass-degenerate parity partner η 4 requires L = 4. The non-observation of a mass-degenerate η 4 might be due to a suppression by the angular-momentum barrier. In πN scattering, Δ(1950)7/2 + formation requires L = 3 and formation of its 7/2 − parity partner L = 4. This is different in photoproduction of baryons. In photoproduction, a 7/2 + resonance needs an electric or magnetic E New photoproduction data on T , P, H [115, 116 ] E [117] , and G [81, 118] for γp → π 0 p taken within the A.1 project at Bonn and data on E for γp → π + n [119] were included in the multi-channel BnGa-PWA and a large number of fits were performed. The fit required contributions from a Δ 7/2 + and a Δ 7/2 − resonance. Figure 12 shows a scan in the J P = 7/2 + and J P = 7/2 − partial waves. In the mass scans, the J P = 7/2 + and J P = 7/2 − partial waves are described by multichannel Breit-Wigner amplitudes rather than by K-matrix amplitudes. Hence the optimal parameters in the scan for mass and width can differ from the optimal values from the main fit. Figure 12 (top) shows the change of the resulting pseudo-χ 2 as a function of the imposed mass of the J P = 7/2 + or the J P = 7/2 − resonance. The total pseudo-χ 2 has clear minima at a mass of about 1900 MeV for J P = 7/2 + and somewhat below 2200 MeV for J P = 7/2 − . The scans demonstrate clearly that the masses of Δ (1950) RPP. The PDG decided to upgrade Δ(2200)7/2 − to a 3* resonance [120] .
The resonances with J P = 1/2 ± , 3/2 ± , 5/2 ± are nearly mass-degenerate. The ideas of Glozman require necessarily a Δ 7/2 − resonance at about the same mass [114] . For such a resonance, there is no evidence at all! Fig. 13 shows examples for data bins in comparison to the best fit achieved with or without including a negative parity J = 7/2, Δ(2200)-state. The data description clearly improves if the 7/2 − -state is included in the fit. Further examples for polarization observables and more analysis details can be found in [121] .
What is then the reason for the often observed parity doublets? Klempt argues that the dynamical reason for the parity doublets lies in the string nature of the quark-quark [126] interaction. His empirical mass formula [122] was derived in AdS/QCD [123] , and was shown to be, compared to quark models requiring a much larger number of parameters, at least twice as precise in calculating baryon masses, using just two parameters [124] . In Ref. [125] , Klempt pointed out that the Δ 7/2 − mass is decisive for the interpretation. In string models, the mass increases with L + N instead of the harmonic oscillator which suggests L + 2N ( L = l ρ + l λ , N = n ρ + n λ ). Evidence for the string like behavior was presented in [126] from which we take Fig. 14 to demonstrate the L + N dependence of baryon masses. The future will tell us whether the next-generation lattice calculations performed at lower pion masses will provide results closer to the experimental findings: will there be parity doublets for most resonances, except for those on the leading Regge trajectories?
Photoproduction of ω mesons
At high energies, real or virtual photons interact with protons by diffraction [127] . The photon converts into a vector meson (ρ 0 , φ, ω) and scatters off the proton by the exchange of Pomerons carrying the quantum numbers of the vacuum [128, 129] . Close to the ω production threshold, N * resonances are likely to contribute to the reaction [130, 131] . The Gießen group pioneered the PWAs of the reactions π − p → ωn and γp → ωp [60] , see project B.7.
The CLAS collaboration reported a high-statistics study of ω photoproduction [133, 134] and claimed evidence for several N * s decaying into Nω. The A2-collaboration at MAMI reported differential cross sections from threshold to E γ = 1.4 GeV with a 15 MeV binning and full angular coverage [135] . No resonant contributions were discussed. The CBELSA/TAPS collaboration measured dσ/dΩ and spin density matrix elements [136] , the beam asymmetry Σ [132] , the helicity difference E, and the correlation G between linear photon and longitudinal target polarization [137] . Photoproduction of ω mesons off neutrons was studied in [138] . Figure 15 . The helicity asymmetry E in bins of the photon energy, taken from [137] . Table 7 . Branching ratios (B.R. in %) for N * → Nω decays from the BnGa PWA, see [62] . Small numbers were reported in [60] . The δ(χ 2 ) values give the change in χ 2 when the Nω decay mode is excluded. Figure 16 . Total cross section for γp → pω from the CBELSA/TAPS experiment (•) as a function of the initial photon (E γ ) and center-of-mass (W) energy, see [62, 136] . The error bars represent the statistical, the grey band the systematic uncertainty. The Bonn-Gatchina fit is represented by a solid black line. The largest contributions are Pomeron-exchange (red), resonant production of the J p = 3/2 + partial wave (blue), 3/2 − partial wave (purple), 5/2 + partial wave (blue), and 1/2 − partial wave (green). Figure 17 . Left: The total cross section for γn → ηn (multiplied by 3/2), γp → ηp, and their ratio (as inset) [150] . The solid curves represent our fit [88] folded with the experimental resolution (thick ηn, thin ηp), the dashed curves the contributions from the S 11 waves. Right: Selected differential cross section bins for γn → ηn in the region of the narrow structure.
The data were included in the BnGa data base. Figure 15 shows the helicity difference E with the BnGa fit. The PWA identified twelve N * → Nω branching ratios (see Table 7 ); most of these were determined for the first time. The total cross section, shown in Fig. 16 , is obtained by integration of the differential cross sections. Fig. 16 also shows the dominant partial wave contributions.
Only N * contribute to γp → ωp. Δ * decays can be studied in the process γp → π 0 ωp to which the isobar Δ(1232)ω makes the most significant contribution [139] . Similarly, the reaction γp → K * Λ has no Δ * contributions [140] . Instead, the BnGa PWA finds contributions from N(1895)1/2 − , N(1880)1/2 + , N(2100)1/2 + , and two or three higher-mass N * 's with ill-defined quantum numbers. N * and Δ * both contribute to γp → K * Σ [141] but a PWA has not been attempted.
Is the narrow peak seen in the reaction
γn → ηn a resonance?
The "discovery" in 2003 of Θ + (1540), an exotic baryon with positive strangeness stimulated further studies [142] [143] [144] [145] and the search for its non-strange partner. Indeed, a narrow structure was observed in the reaction γn → ηn studied at GRAAL [146] . Its properties, mass of 1685 MeV, its narrow width, the production off neutrons but not off protons, and its preference to decay into ηn would be consistent with predictions for the nonstrange member of a multiplet of pentaquarks with spin-parity
. The observation attracted considerable interest, and the structure was listed in the RPP as one-star resonance N(1685) [71] .
The evidence for the existence of Θ + (1540) faded away in a number of precision experiments (even though further evidence is reported in several more recent experiments, see [147] for a recent review. In contrast to Θ + (1540), the peak at about 1685 MeV became increasingly significant with better experiments at ELSA and MAMI [148] [149] [150] , its existence is beyond doubt. But the interpretation as a resonance is unclear.
The Gießen group explained the narrow peak in the η photoproduction on the neutron in terms of coupled-channel effects due to N (1650) [152] within a coupled-hannel analysis; Döring and Nakayama ascribe the peak to effects from strangeness threshold openings [153] . The Bonn-Gatchina group [154, 155] and Zhong and Zhao [156] demonstrated that the narrow peak can be explained naturally by interference effects in the J P = 1/2 − wave, even though -according to [154, 155] -solutions with a narrow resonance were not yet excluded by the data. Fig. 17 shows the total cross section for γp → ηp, for γn → ηn and -as insert -the ratio σ n /σ p from the most recent experiment [150] . The new data exceed the earlier data both in quality and in statistics. In the new experiment, the hit proton or neutron was detected, and hence the Nη invariant mass was reconstructed without smearing due to the Fermi motion. These experimental achievements greatly enhanced the visibility of the narrow structure. The contributions from η photoproduction off neutrons were determined by two different methods; the differences were used to estimate the systematic error.
In [150] , the narrow structure was tentatively interpreted as a narrow nucleon resonance at W = (1670 ± 5) MeV mass and Γ = (30 ± 5) MeV width. The product coupling of the hypothesized resonance given by its helicity amplitude A n 1/2 and the branching ratio for its neutron-η decay b η was determined to
The data were fitted within the Bonn-Gatchina partialwave analysis [88] . Masses, widths, decay couplings of resonances were all frozen by a fit to πN elastic and inelastic reactions and to data on photoproduction off protons (see [49, 159] for the data included). Here, only the helicity amplitudes for the photoproduction of nucleon resonances off neutrons and contributions from t-and uchannel exchange were used as free parameters. To constrain the data on γn → ηn further, we included GRAAL data on the beam asymmetry for this reaction [157] and data on γn → πN [158] . These additional data were described well and have no impact on the conclusions; hence we retain from a more detailed discussion of those data.
The new and precise data are well described by the interference within the S 11 wave and are now definitely incompatible with the existence of a nucleon resonance with the reported properties. If a narrow resonance with the properties reported in [150] is imposed in the fit, the χ 2 of the fit deteriorates very significantly. The reason for the peak structure in ηn and dip structure in ηp lies in the opposite relative sign of the helicity amplitudes for the two resonances N(1535)S 11 and N(1650)S 11 . The narrow structure observed in photoproduction of η mesons off neutrons does not support the existence of a nucleon resonance with exotic properties. We mention that data on η production off neutrons [89] do not show a similar structure.
What is the relation between quark-model resonances and dynamically generated resonances?
A significant number of nucleon resonances can be generated dynamically from the interaction of their decay products. In coupled-channel dynamical approaches, some baryon resonances need to be put in "by hand", others are generated by the unitarization of the background amplitude. Some of the dynamically generated poles can be identified with quark-model states. But there are poles which do not correspond to quark mode states, and there are resonances which are not (yet?) dynamically generated. The relation between quark-model resonances and dynamically generated resonances remains an unsolved problem in hadron spectroscopy.
Photoproduction multipoles from different PWA groups
Amplitudes are more sensitive when different models are to be compared. In [160] we have reported transition amplitudes to ΛK, ΣK, and Nη for pion and photo-produced reactions. Fig. 18 shows, as example, the BnGa-E 0 + and the E 2 − multipoles for π 0 photoproduction before (2011, red) and after (2014, blue, for further multipoles see [115, 116] ) the inclusion of the new double polarization data on E, G, T, P, and H.
The error bands for the BnGa2011 solutions (red) were derived from the (1σ) spread of 12 different solutions with different assumptions on the ingredients: the number of poles in the J P = 3/2 + wave was 3 or 4, in the J P = 5/2 + wave 2 or 3, the N(1700)3/2 − width of the pole converged to a wide (∼600 MeV) or a narrow (∼250 MeV) value, a Kmatrix formalism was used or, alternatively, a N/D-based parametrization [62] . The χ 2 ranged from its minimum χ 2 min to χ 2 min + 800. (Note that the absolute χ 2 value is meaningless since part of the data are multiparticle final states and fitted in an event-based likelihood fit. The log likelihood value is then converted into a pseudo-χ 2 [49] .) In the new fits including the new polarization data, the fits started from the same solutions, then all parameters were re-optimized. All fits converged, but 6 fits resulted in a χ 2 larger than the new χ 2 -minimum (χ 2 new min ) by 1000 units or more. These fits, mostly those with only 3 poles in the I = 1/2, J P = 3/2 + wave, were then removed from the error analysis. The resulting error bands for all remaining solutions within the same χ 2 -boundaries as for the old solutions are also shown in Fig. 18 .
The new error bands (blue) are significantly smaller than the previous ones. Averaged over all multipoles and energies, the errors are reduced by a factor of 2.25. Fig. 19 shows the new double-polarization data from JLab and Bonn with fits from MAID , SAID, JüBo, and BnGa, for fits which were made before the data were available (left) and with the new data included (right). Large deviations are observed even at lower photon energies, where one might have expected that π 0 -photoproduction is well understood. After a refit, all PWAs are capable to describe the new data.
In Fig. 20 (left) the E 0 + -multipoles from MAID, SAID, JüBo, and BnGa are shown (for further multipoles see [161] ). It is striking that even at low energies, large differences between all four solutions are seen. Obviously, the data that existed prior to the double polarization mea- [115, 116] . The red shaded areas give the range from a variety of different fits derived from solution BnGa2011-01 and BnGa2011-02 [49] . The blue shaded area represents the range of solutions when the new data are included in the fit (BnGa2014).
surements (e.g. the pπ 0 -double polarization data discussed in project A.1) did not constrain the solution to a sufficient accuracy. For a further comparison of PWA-predictions to the new polarization data see also the contribution of project A.1 to these proceedings. The obvious next step is to include the new data into the other PWAs as well. Since the new data provide additional constraints, a better consistency of the multipoles can be expected. The improvement in the data descrip- Ranges with an overall deterioration are marked in red. For details see [161] tion is shown in Fig. 19 (bottom) . The improvement in consistency of the multipoles is shown in Fig. 20 using the E + 0 -multipole as example. For a complete picture of the multipoles see [161] . Fig. 21 shows the improvement in the overall consistency of the BnGa, SAID and JüBo-analyses considering all γp → pπ 0 multipoles up to L = 4. It becomes clearly visible that the new data enforces the multipoles to approach each other, the variance is reduced by about a factor of two. 
Can photoproduction multipoles be determined in slices of fixed masses?
For a long time, the ultimate aim of PWAs of photoinduced reactions was to construct the four CGLN amplitudes from data binned in photon energy (or invariant γN mass) and the meson production angle θ [162] . It was shown that eight well chosen experiments are required (and sufficient) to determine these amplitudes [163] [164] [165] , at least when these observables are measured with sufficiently (i.e. extremely) high precision. Ideally, one would expand the constructed amplitude at each mass value in cos θ-dependent multipoles; the results are then grouped according to their multipole structure and then given as functions of invariant mass. These energy-independent multipoles can than be fitted with dynamical reaction models to separate backgrounds and poles in a given multipole, and to determine the pole properties. However, even with extremely precise data, there is one overall phase per every bin in mass and meson production angle which is difficult to deal with. (One could, e.g., take one partial wave from an energy-dependent fit and determine the other phases relative to this wave.) A more fruitful path is a truncated partial wave analysis [166] . The measurement of single and double-polarization observables for the reaction γp → pπ 0 were used to reconstruct multipoles with L = 0, 1 and 2 [115] . Multipoles with L ≥ 3 were fixed to those from the BnGa energy-dependent partial wave analysis while magnitudes and phases for E 0 + , E 1 + , E 2 + , E 2 − , M 1 + , M 2 + , and M 1 − were left free (see Fig. 22 ). The helicity amplitudes of N(1520) 3/2 − were thus deduced with minimal model assumptions. The results are collected in Table 8 . They are partly inconsistent with older (model-dependent) determinations and support those of the energy-dependent BnGa PWA.
Production of Λ hyperons is particularly fruitful to construct multipoles from the data since their decay reveals their degree of polarization. In a first step, we analyzed the reaction π − p → ΛK 0 [169] and determined low-lying multipoles. Ambiguities and large fluctuations showed up. Consistent results for the S 11 , P 11 , and P 13 were obtained when the higher multipoles were fixed to the BnGa PWA solution (see Fig. 23 ). A first attempt to determine photoproduction multipoles for γp → K + Λ was made in [170] . However, new precise data became available recently [171] . They allowed for a much more precise reconstruction of the multipoles. In the new analysis [172] , the four largest multipoles E 0+ , M 1 − , E 1+ , and M 1+ were left free completely, the next three multipoles E 2− , M 2− , and E 2+ were "persuaded" by a penalty function to stay close to the BnGa energydependent fit (see Fig. 24 ). The multipoles are presently fitted applying the Laurent-Pittarinen expansion, a technique developed at Zagreb [173] [174] [175] . The preliminary results confirm with a model-independent method the existence of N (1895) 
Outlook
One of the most important topics in baryon spectroscopy is to identify the effective degrees of freedom and respective forces which determine the spectrum and properties of baryon resonances. This includes answering the question if the missing resonances are proof of a quark-diquark structure of baryon excitations. The answer to the latter question is mostly settled thanks to the efforts to collect a large amount of high-quality data (differential cross sections and single and double polarization observables) for a large variety of different reactions. The numerosity of observed resonances excludes quasi-stable diquarks as part of the dynamics of excited baryons. Some of resonances used to argue in this paper are not yet considered to be established (≥ 3-star-resonances) . However, further data are still in the pipe line or will be taken in future; higher statistic data and data on new polarisation observables will be obtained. Hopefully, the few still missing resonances (below ∼2.2 GeV) will be discovered in these forthcoming data. When the data on γp → π + π − p are included in the PWA data base, practically all possible decay modes are included, and the sum of all branching ratios has to be close to 1. When this condition is not fulfilled for a particular resonance, then that resonance should be considered with caution.
One class of baryon resonances has, however, so far escaped discovery: the lowest mass 20plet in Fig. 11 remains empty. A resonance X in the 20plet has an totally antisymmetric spin-flavor wave function. In quark models, these states have spacial wave functions in which both oscillators are excited simultaneously ρ = λ = 1 and
High-mass nucleon resonances can have wave functions with a component in which both oscillators are excited. In section 3.2 we have argued that this component decays into an excited state plus meson, and not into the ground state plus meson. This observation implies that the resonance X in the lowest-mass 20plet cannot be excited from the ground state. Possibly, X can be seen only in a double cascade. In a first step, a high-mass resonance R is excited, in a second step, the high-mass resonance deexcites into a member of the 20plet, which then decays in a two-step cascade into ground state plus two mesons. This scenario demands a partial wave analysis of four-body final states. The decay sequences might be
The main problem is likely the combinatorial background. An alternative approach is to search for the 20plet in the spectrum of Λ excitations. The 20plet reduces to a spin-1/2 octet and a spin-3/2 singlet. One might search for a cascade
Expected are three states with J P = 1/2 + , 3/2 + , 5/2 + , and a J P = 1/2 + , 3/2 + doublet. Their preferential decay modes should be two-step cascades. The lowest mass resonance belongs to a spin-1/2 octet and is predicted to have a mass of 1747 MeV [7] . Cascades like in (6) are energetically disfavored and thus, Λ(1747)1/2 + might be narrow.
Of course, one has to keep in mind that our argument given in section 3.2, that wave function components where both oscillators are excited simultaneously decay into an excited state plus meson and not into the ground state plus meson was deduced from the observation of different p2π-decay modes of N * -and Δ * -resonances which individually still have large error bars. New high statistics γp → pπ + π − data, as well as new γp → p2π 0 data taken with polarized beam and polarized target are presently included in our data base. These data will provide further contraints to more firmly determine these decay modes.
The number of resonances could, of course, also be higher than quark models predict. Theories which generate baryons from meson-baryon interactions have made great success in reproducing precisely properties of some baryon resonances. So far they fail, however, to generate the full spectrum, and the relation between quark-model states and dynamically generated resonances is still unclear. Intriguing are poles like N(1750)1/2 + [54] which are dynamically generated and not seen in other PWAs. Is this a genuine resonance? Then it should be seen as well in phenomenological coupled-channel analyses. More precise data will provide the potential for new discoveries, a more precise determination of the photoproduction multipoles and a better definition of branching ratios.
N
* -resonances may strongly couple to the neutron but they may only weekly or not at all couple to the proton. Therefore resonances, maybe even resonances of specific symmetries or nature, may escape detection if only proton data is analyzed. This bias can be overcome if also photoproduction data off the neutron, which is presently still scarce, is investigated. A model which predicts e.g. resonances with a large photocoupling for production off neutrons and a small coupling for production off protons is the chiral soliton model [142, 143] . One of the last missing degrees of freedom in the experiments is the isospin dependence since the electromagnetic interaction does not conserve isospin. The electromagnetic transition operator can be split into an isovector and an isoscalar part, giving rise to three independent matrix elements [176] . Photoproduction of isovector mesons, such as the pions, involve all three matrix elements, while in the case of isoscalar meson photoproduction only two contribute. To study the isospin structure of the amplitudes, photoproduction experiments on the neutron are unavoidable. This becomes directly obvious in the isoscalar meson production. It is hence important to study photoproduction off neutrons with the same precision as achieved for protons.
Topical will also be the search for baryon resonances with a large hybrid content. Dudek and Edwards calculated the hybrid contribution to the wave functions of baryon resonances and found that are are a few distinctive resonances in which the gluon field is excited [21] . Ordinary baryons and hybrid baryons show a different Q 2 dependence in electroproduction. In quark model calculations, the transverse helicity amplitude for a hybrid state decreases much faster than that for a radially excited state; in addition, the hybrid longitudinal helicity amplitude vanishes [31, 32] . Identification of hybrid contributions in high-mass baryon resonances is certainly a most challenging and rewarding task for future experimental and theoretical studies. Electroproduction of baryon resonances provides the necessary information to disentangle thecomponent in the baryonic wave function, the meson-baryon cloud contributions and a potential hybrid component. The latter two contributions are expected to contribute especially at low Q 2 . Summarizing, we have seen that a number of important questions in baryon spectroscopy has found an answer. At the same time, new questions have emerged. To answer these questions, more precise data are required. Here, data on polarization observables will play a most significant role.
